Thiamine is an important cofactor of metabolic enzymes, and its deficiency leads to cardiovascular dysfunction. First, we characterized the metabolic status measuring resting oxygen consumption rate and lactate blood concentration after 35 days of thiamine deficiency (TD). The results pointed to a decrease in resting oxygen consumption and a twofold increase in blood lactate. Confocal microscopy showed that intracellular superoxide (ϳ40%) and H 2O2 (2.5 times) contents had been increased. In addition, biochemical activities and protein expression of SOD, glutathione peroxidase, and catalase were evaluated in hearts isolated from rats submitted to thiamine deprivation. No difference in SOD activity was detected, but protein levels were found to be increased. Catalase activity increased 2.1 times in TD hearts. The observed gain in activity was attended by an increased catalase protein level. However, a marked decrease in glutathione peroxidase activity (control 435.3 Ϯ 28.6 vs. TD 199.4 Ϯ 30.2 nmol NADPH·min Ϫ1 ·ml Ϫ1 ) was paralleled by a diminution in the protein levels. Compared with control hearts, we did observe a greater proportion of apoptotic myocytes by TdT-mediated dUTP nick end labeling (TUNEL) and caspase-3 reactivity techniques. These results indicate that during TD, reactive oxygen species (ROS) production may be enhanced as a consequence of the installed acidosis. The perturbation in the cardiac myocytes redox balance was responsible for the increase in apoptosis.
catalase; glutathione peroxidase; superoxide dismutase THIAMINE DEFICIENCY (TD) causes cardiovascular and neurological damage clinically reported as beriberi. Thiamine pyrophosphate (TPP) is an important cofactor in several vital enzymatic reactions involved in metabolism and energy production. Extensive work has been done regarding the impact of thiamine deprivation on the nervous system (1-3). However, little is known about the effects of TD on the myocardium specially in relation to oxidative stress (4, 5) . There is evidence supporting the view that cardiac contractility in rats is deeply affected by TD (5, 13) . Thiamine is also considered a clinically important factor in heart function, as its deficiency has been reported to cause heart failure (6, 7) .
Although TD constitutes an interesting model to understand metabolic adaptations in the cardiac tissue, it is unknown whether there are pathological alterations in the activity, abundance, and transcriptional regulation of the enzymes responsible for the redox balance. Although much information has been provided to explain the biochemical changes in the myocardium under TD, there is no reported investigation addressing the expression/activity profile of the enzymes responsible for the control of the oxidative stress response in TD cardiomyopathy.
Since TD induces heart failure, we sought to uncover the mechanism involved. We then hypothesized that TD causes systemic acidosis, and that condition could provoke an increase in free radical formation and lipid peroxidation greatly enhancing cardiac myocyte loss due to apoptosis.
MATERIALS AND METHODS

Animals.
Male Wistar rats (200 -250 g) were kept in a 25°C room in 12:12-h light-dark cycle with free access to food and water. Before experimental period, rats were acclimated for 7 days and then fed with TD diet for 35 days. After that period, the rats were killed, and their hearts were removed. Ventricles were frozen and kept at Ϫ80°C for posterior analysis. All experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committee of Federal University of Minas Gerais in accord with animal care and use program guidelines of the National Institutes of Health. Experimental diet was prepared as previously described (5) . Briefly, standard rat chow and TD chow were made in our laboratory routinely. The two diets, control and TD, were isocaloric, and the only difference between them was the presence or absence of thiamine in the vitamin mixture used to prepare the chow. Both diets contained 20% protein, 1% cellulose, 5% salt mixture, 1% vitamin mixture, 5% corn oil, 0.4% choline, and 67.6% cornstarch. Animals from control (n ϭ 22) and TD (n ϭ 24) groups were treated for 35 days as previously established (5) . We evaluated the depletion of blood thiamine by measuring the transketolase activity (5) .
Surgical procedure. The animals (controls, n ϭ 5; TD, n ϭ 5) were submitted to vein catheter implantation for evaluation of blood lactate (8) . The silastic cannula was inserted into the jugular vein under tribromoethanol anesthesia (1.0 mg/100 g body wt ip). The outer ends of the cannulae were filled with heparinized saline solution and tunneled subcutaneously to exteriorize at the nape. Following the surgical procedure, the rats received a single dose of analgesic (0.11 mg/100 g body wt im; flunixin) and antibiotic (0.2 ml im; Pentabiotic R; Wyeth, Fort Dodge, Brazil).
Lactate plasma concentration. After surgical procedure recovery, the end of the implanted catheter was connected to a medical-grade syringe for blood collecting (0.2 ml). Blood samples were transferred to microcentrifuge tubes containing trace amounts of heparin. Thereafter, plasma was separated by centrifugation and kept frozen at Ϫ20°C until analysis. Plasma lactate was determined by the oxidase method using a glucose analyzer (2300 STAT PLUS; Yellow Springs Instruments).
Oxygen consumption measurements. Oxygen consumption (V O2; ml O 2·kg Ϫ1 ·min Ϫ1 ) was measured (pairwise) at rest in control and TD rats as previously described (9) . Briefly, V O2 was measured by an open-flow indirect calorimeter (Columbus Instruments) calibrated before each use with a certified mixture of gases (20.5% O 2-0.5% CO 2). V O2 was continuously recorded on-line every minute using a computerized system (Oxymax Apparatus; Columbus Instruments). On the day of experiment, the animals were allowed to rest for 1 h in the metabolic chamber before the test. After this period, V O2 was recorded for 30 min. The temperature of the experimental room was set at 25°C, and all experiments were conducted between 10:00 AM and 3:00 PM.
Tissue preparation and protein determination. Ventricles were weighed, immersed 0.1 g/ml in PBS, pH 7.2, extensively washed to remove blood, and then homogenized (T 20 basic ULTRA-TURRAX; IKA Labortechnik) for 3 min at 0 -4°C. After this process, the homogenate was centrifuged for 5 min at 10,000 g (Jouan BR4i), and the supernatant was used for the biochemical assays. Protein concentration for all assays was determined according to Lowry et al. (16) using bovine serum albumin as standard.
SOD activity. This assay was performed according to Dieterich et al. (7) with some modifications. In brief, sample of tissue homogenate (40 l) was added in 50 mM sodium phosphate buffer (1 ml, pH 7.8, 37°C) containing 1 mM diethylenetriamine pentaacetic acid (DTPA). The reaction was started by adding 0.2 mM pyrogallol, and the samples were heated to 37°C for 3 min. The absorbance was determined at 420 nm. SOD activity was calculated as units per milligram of protein, and one unit of enzyme was considered as being the amount that caused inhibition of pyrogallol autoxidation by 50%.
Glutathione peroxidase activity. Tissue samples were homogenized in ice-cold Tris·HCl buffer (50 mM, pH 7.5, containing 5 mM EDTA and 1 mM DTT) and centrifuged at 4°C (10,000 g) for 30 min. The experiment was performed using Cayman Kit according to manufacturer's recommendations. Results were expressed in nmol NADPH·min Ϫ1 ·ml Ϫ1 . Catalase activity. Catalase activity was measured in the supernatants as described by Nelson and Kiesow (22) . Briefly, 0.04 ml of H2O2 was added as substrate to 0.06 ml of homogenate and 1.9 ml of potassium phosphate buffer (50 mM, pH 7.0) to give a final H2O2 concentration of 6 mM, and the reaction proceeded for 1 min at room temperature. Decomposition of H2O2 by catalase was noted by the change in absorbance at 240 nm (⌬E). Experiments were performed in duplicate. Catalase activity was expressed by millimoles of H2O2 decomposed per minute per milligram of protein. Catalase activity was expressed as ⌬E·min Ϫ1 ·mg Ϫ1 protein. This procedure avoids the possible interference associated with glutathione peroxidase (GPx) activity once the necessary cofactors are not present in the reaction media.
Thiobarbituric acid-reactive substances. Lipid peroxidation products were quantified according to Ohkawa et al. (23) and Janero (12) . Briefly, 0.2 ml of cardiac tissue homogenate was added to 0.2 ml of 8.1% SDS, 0.5 ml of acetic acid (pH 3.4), and 0.5 ml of 2-thiobarbituric acid (0.8%). The mixtures were kept for 60 min at 90°C in sealed tubes. Samples then were centrifuged for 5 min at 3,000 g (Jouan BR4i). The color intensity was measured at 532 nm. The amount of malondialdehyde (MDA) produced and expressed as nanomoles per milligram of protein was interpreted as the thiobarbituric acid-reactive substances (TBARS) levels and indicates the degree of oxidative stress.
Western blot. Cardiac tissue samples were homogenized in ice-cold buffer (50 mM Tris·HCl containing 150 mM NaCl, 5 mM EDTA-Na2, 1 mM MgCl 2, 1% Nonidet P-40, 0.3% Triton X-100, 0.5% sodium deoxycholate, 100 mM DTT, 10 mg/ml aprotinin, 15.7 mg/ml benzamidine, 1 mg/ml pepstatin A, 100 mM PMSF). The homogenate was centrifuged at 1,000 g for 30 min at 4°C, and the supernatant was aliquoted and immediately frozen at Ϫ80°C. For the blotting, the amount of protein used was 30 g for catalase, 45 g for GPx, 20 g for Mn-SOD, and 30 g for Cu/Zn-SOD. The protein samples were mixed with denaturing SDS-PAGE buffer, heated at 95°C for 3 min, fractionated in a 10% polyacrylamide gel, and transferred to nitrocellulose membrane. The protein bands on the membrane were stained with Ponceau S to check for equal loading. The membrane was then subjected to routine Western immunoblotting protocol. Target protein was probed with appropriate dilution of specific antibody (anticatalase from Sigma, St. Louis, MO, anti-GPx, anti-Mn-SOD, and anti-Cu/Zn-SOD from Calbiochem, and anti-GAPDH from Santa Cruz Biotechnology) and a peroxidase-conjugated secondary antibody. The signal was detected using ECL Western blotting detection system (GE Biosciences). The images generated were quantitatively analyzed for the protein levels with the use of ImageJ software. The molecular weights of the protein were determined by reference to the molecular marker (GE Biosciences).
Measurement of intracellular ROS levels. For the detection of the superoxide and H 2O2 levels, freshly isolated cardiomyocytes obtained from control and TD rats prepared by enzymatic dispersion as previously described (5, 15) were loaded with 10 M oxidant-sensitive fluorogenic probe dihydroethidium (DHE; highly selective for superoxide radical detection) and 0.1 M 2,7-dichlorodihydrofluoresceindiacetate [H2DCFH-DA; deacetylated intracellularly by nonspecific esterase, which was further oxidized by cellular peroxides to the fluorescent compound 2,7-dichlorofluorescein (DCF), which reported H2O2 levels] in extracellular HEPES-buffered Tyrode (HBT) solution containing, in mM, 140 NaCl, 5 KCl, 0.5 MgCl2, 1.8 CaCl2, 5 HEPES, and 5 glucose, for 15 min at 37°C and then washed with HBT solution to remove dye excess (15) . It is important to note that DCF reports hydrogen peroxide and hydroxyl levels but is relatively insensitive to superoxide. Cells were analyzed in a LSM 510 META confocal system (Zeiss, Jena, Germany) with a ϫ63 oil immersion objective. ImageJ software was used for image analyses.
Histopathology, apoptosis, and morphometry. Cardiac samples were fixed in buffered 10% formalin, processed routinely for histopathology, sectioned at 5 m, and stained by hematoxylin-eosin (16) . Another set of slides was submitted to TdT-mediated dUTP nick end labeling (TUNEL) assay to detect in situ fragmentation of the genome as an indicator for apoptosis. A commercial kit (TdT-FragEL DNA Fragmentation Detection Kit; cat. no. QIA33; Calbiochem) was used. Reactions were carried out as described by the manufacturer. Briefly, slides were incubated with 20 g/ml proteinase K (cat no. P5568; Sigma), and endogenous peroxidase was quenched three times with 3% H2O2 in methanol. TdT and deoxynucleotides were applied, and the slides were placed in a humid atmosphere at 37°C for about 2-6 h. The reaction was stopped by a blocking buffer, and then the slides were treated with peroxidase-streptavidin conjugate and placed in humid atmosphere at 37°C for 0.5-1 h. Finally, they were washed and treated with diaminobenzidine (DAB) and counterstained with methyl green.
Immunohistochemistry. We used the Novocastra Lyophilized Mouse Monoclonal Antibody caspase-3 (code NCL-CPP32; Leica Biosystems, Newcastle, United Kingdom). Negative controls were prepared by omitting the primary caspase-3 antibody from the procedures. Sections (3-6 m) were cut onto adhesive slides, air-dried overnight at 37°C, and dewaxed and rehydrated through descending graded alcohols to TBS, pH 7.6, using a standard protocol. Sections were transferred to 0.001 M citrate buffer, pH 6.0, and subjected to 5-min heat antigen retrieval using a microwave. After completion of the cooling cycle, the container of slides was removed and allowed to cool for a further 20 min before transferring back to TBS. Endogenous peroxidase activity was blocked by incubating the sections in Novocastra Peroxidase Block RE7101 (0.3% H 2O2 for 30 min). Sections were washed (3-5 min in TBS), and Novocastra Protein Block RE7102 (0.4% casein in PBS with stabilizers) was applied for 10 min. Excess was decanted from the sections, and the primary anticaspase-3 antibody was applied overnight at 4°C at a suggested dilution of 1:100 in TBS. Sections were washed (3-5 min in TBS), and Novocastra Biotinylated Secondary Antibody RE7103 was applied for 30 min. Sections were washed (3-5 min in TBS), and Novocastra Streptavidin-HRP RE7104, a streptavidin-peroxidase conjugate, was then applied and bound to the biotin preset on the secondary antibody. Sections were further incubated with substrate chromogen Novocastra DAB (RE7105) with DAB substrate buffer RE7106 for 5 min. Sections were washed in gently running tap water for 5-10 min to remove excess chromogen, lightly counterstained in Mayer's hematoxylin, and then dehydrated through ascending graded alcohols, cleared in xylene, and mounted using Entellan.
Data and statistical analysis. Data are presented as means Ϯ SE. Quantification of the apoptotic cells considered morphological criteria and TUNEL and caspase-3 labeling. Apoptotic and total cells were quantified using images of five fields obtained with a ϫ40 planachromatic objective from each slide using a digital image analyzer using specific software (Media Cybernetics Image-Pro Plus version 4.50.29). Sample comparisons were performed using Student's t-test or one-way ANOVA followed by post hoc analysis. In all statistical tests, P Ͻ 0.05 was used as a measure of statistical significance.
RESULTS
Based on our (25) previous report showing that the TD has an effect on the cardiac function, and in the view that the cardiac function is one of the physiological parameters affecting V O 2 capacity, we attempted to investigate whether TD could have a systemic effect on whole body V O 2 .
V O 2 is lower and blood lactate is greater in TD rats. Our results showed that, in animals treated with a TD diet, the V O 2 actually consumed was significantly lower compared with controls ( Fig. 1A; 30-min recording) . These data suggest that TD rats may have a lower oxidative metabolism, a condition that would eventually lead to the rise in blood lactate concentration due to a putative increase rate of anaerobic glycolysis. These changes may happen as a consequence of poor tissue perfusion and insufficient O 2 delivery and/or mitochondrial dysfunction. Blood lactate concentration was significantly greater (ϳ2-fold) in the TD group compared with control ( Fig. 1B; 1 .59 Ϯ 0.17 vs. 0.78 Ϯ 0.03 mM, n ϭ 5; P Ͻ 0.05).
Intracellular ROS levels.
Previous reports employing other models with a similar decrease in resting V O 2 indicated that this diminished aerobic capacity is transduced as impaired oxygen diffusion capacity at the cellular level. Therefore, we asked if the lower V O 2 presented by the TD rats would be related to modifications in the cardiac redox systems.
To assess the intracellular reactive oxygen species (ROS) production, the levels of H 2 O 2 and superoxide were quantified by DHE-and H 2 DCFH-DA-fluorescence laser scanning microscopy. Quantitative analyses revealed that TD cardiomyocytes showed increased superoxide (by ϳ40%) formation. TD elicited an increase in H 2 O 2 production ϳ2.5 times that produced by control cells. Figure 2 shows representative scans for each condition (Fig. 2, A and B , refers to H 2 O 2 production, and Fig. 2, D and E, superoxide production) . Figure 2 , C and F, represents average data. These results demonstrate that TD rat cardiomyocytes showed greater superoxide and H 2 O 2 levels.
Expression and activity of redox enzymes. We then compared the activity and expression of various ROS antioxidant enzymes in the heart tissue of TD and control rats to delineate whether they play a differential role in the levels of H 2 O 2 and/or superoxide anion during TD.
From the above results, we expected a higher SOD activity in the TD group, but the total SOD activity showed no significant change in TD group compared with controls [ Fig. 3A ; control 0.16 Ϯ 0.003 U/mg protein (n ϭ 5) vs. TD 0.15 Ϯ 0.006 U/mg protein (n ϭ 6)]. Western blot analysis revealed that, compared with controls, the protein expression of Cu/Zn-SOD or Mn-SOD in the heart was significantly increased in TD rats (Fig. 3 , B and C; n ϭ 3; P Ͻ 0.05). These results suggest that the augment in protein expression apparently does not contribute to SOD gain of function, and this may explain why the level of superoxide is high in TD cells as shown in Fig. 2F , n ϭ 5; Fig. 4A ). In accordance with the enzyme activity analysis, the expression of GPx was significantly lower in the TD cells (n ϭ 3; P Ͻ 0.05; Fig. 4B) .
A significantly higher myocardial catalase activity was detected in TD compared with controls. Catalase activity was increased by ϳ2.1 times in hearts from TD rats (n ϭ 6; P Ͻ 0.05; Fig. 5A ).The protein levels of catalase significantly increased in TD group compared with the corresponding control group [TD (black bar) vs. Control (white bar), Fig. 5B ; n ϭ 3; P Ͻ 0.05].
MDA levels in TD. MDA formation is considered a presumptive marker for oxidative stress. TD led to 46.7% increase in TBARS levels compared with control (P Ͻ 0.05; Fig. 6 ) demonstrating that TD rat hearts were subjected to an increased amount of oxidative stress during TD.
Does TD induce cardiac apoptosis? To address this question, we made use of two distinct methods. One method was the detection of DNA fragmentation with the TUNEL tech- nique, which has been considered a standard technique for the detection of apoptosis. Unfortunately, it carries some pitfalls that make the interpretation difficult. We then decided to use a different approach based on the detection of activated caspase-3, which is considered a valuable and specific tool for identifying apoptotic cells in tissue sections.
TD cardiac myocytes in sections processed by TUNEL technique showed a more intense and diffuse positive labeling (brownish dots in nuclei) than control cardiac myocytes, indicating that apoptosis may play a role in decreasing heart mass and volume in rats. Apoptosis was less intense in the control group (Ͻ10%) than the TD group (ϳ30%; Fig. 7 , A and B; P Ͻ 0.05). Moreover, we supported the TUNEL results with immunohistochemistry analysis of caspase-3 (Fig. 7, C and D) . The caspase-3 results greatly improved the reliability of TUNEL assay. Therefore, we suggest that TD increased cardiac apoptosis.
DISCUSSION
Heart muscle is a highly oxidative tissue that produces Ͼ90% of its energy from mitochondrial respiration. Oxygen availability, substrate limitation, ATP, ADP, inorganic phosphate, Ca 2ϩ , and cellular redox state all have been considered to play an important role in heart function (17) . Redox signaling is a well-recognized stress response that leads to a variety of downstream effects, including expression of protective and repair enzymes. A variety of pathological conditions result in increased generation of ROS. TD is a well-documented cause of cardiovascular and neurological damage that is commonly known as beriberi (18) . Thiamine is a precursor of TPP synthesis, which is the biochemically active form and functions as a cofactor of various enzymes mainly involved in cellular glucose and energy metabolism. Accordingly, one of the TPPdependent reactions protects against tissue-oxidative damage by maintaining reduced NADP ϩ . There are conflicting results as to whether TD diminishes or augments the V O 2 by the heart (19). In our in vivo V O 2 measurements taken at rest, it became clear that TD rats have lower rates of V O 2 compared with the control group. It has been suggested that the major, if not only, cause of the cardiac ATP decrease in TD is impaired ATP synthesis (19) . One important consequence of the cellular ATP depletion is the anaerobic glycolysis stimulation. This causes an increase in the pyruvate production, which will accumulate since the enzyme pyruvate dehydrogenase needs TPP to work properly. Our results showed a significant augmentation in plasma lactate levels of TD rats. In agreement with our study, Molina et al. (21) also observed that TD increases plasma lactate by ϳ75%. What would be the functional consequences of these findings in the set of TD? These effects would probably alter maximal V O 2 requirement for ATP production both for basal metabolism and for generating contractile power and relaxation.
In cardiac tissue, energy homeostasis is a very important concept. ROS are usually derived from an abnormally interrupted oxygen metabolism and play an important role in the oxidative stress of cells and tissues. Antioxidant enzymes are the frontline defense that helps prevent oxidative damage to biological molecules (32). The general view is that heart failure (as in our TD model) could be related to oxidative stress. Endogenous oxidative stress is a consequence of aerobic metabolism occurring mostly in the mitochondria. Reduction of oxygen in the respiratory chain involves the formation of toxic oxygen intermediates (22, 23) .
Our results clearly point to the existence of oxidative stress in TD hearts. First, the level of lipid peroxidation is augmented, as shown by TBARS assay. Second, confocal experiments directly showed an increase in the formation of superoxide as well as hydrogen peroxide and probably hydroxyl radicals, suggesting a lower antioxidative potential in TD rats compared with the control group.
Long-term exposure to oxidative stress may modify the antioxidative capacity of the heart tissue. It is reasonable to think that the activity of antioxidant enzymes may be different, especially if we consider that the oxidative load overcomes the defense potential (24) . In the present work, the influence of oxidative stress caused by TD on the expression and activity of the antioxidant defense systems in the hearts of young rats has been investigated.
GPx and catalase are very important to avoid oxidative stress in rat heart tissue (18) . These enzymes are responsible for the degradation of hydrogen peroxide into H 2 O and O 2 avoiding the formation of the harmful hydroxyl radicals. Most authors argue that GPx and catalase are relevant for the defense of cardiac tissue against oxidative stress. We found that TD rats exhibited a lower GPx activity than the control group. This decrease in activity could be related to the lower amounts of NADPH actually produced in TD rats. However, our results showed that the levels of catalase were significantly increased in the heart of TD rats in terms of protein expression and enzyme activity. This result demonstrates a possible attempt to control hydrogen peroxide levels since the capacity of these hearts to metabolize hydrogen peroxide by GPx is lower compared with the control group. The control of hydrogen peroxide concentration is rather important because it was reported that H 2 O 2 could lead to loss of sarco(endo)plasmic reticulum Ca 2ϩ -ATPase isoform 2 (SERCA2) function and sarcoplasmic reticulum (SR) Ca 2ϩ uptake (25) . This finding could explain, at least partially, our (5) previous results that indicated a lower SR Ca 2ϩ load in TD myocytes. In general, GPx is more important than catalase in removing H 2 O 2 , especially in heart tissue. Hence, the authors concluded that there is a significant increase in hydrogen peroxide and hydroxyl radical formation when GPx (mitochondrial and cytosolic isoforms) activity is decreased in heart despite increased catalase activity. Together, these observations are in line with our present results because, despite the increased catalase activity, the TBARS levels were significantly higher in TD rats (Fig. 6) .
In adult cardiac myocytes, mitochondria is the main source of superoxide (26) . Once formed, superoxide will be readily dismutated by SOD into hydrogen peroxide. Despite the increased expression of Mn-SOD and Cu/Zn-SOD as measured by Western blotting (Fig. 3A) , we observed a greater amount of superoxide produced in TD cardiomyocytes. This result suggests that the effort of the cells to control superoxide levels by increasing SOD expression was not sufficient. The accumulation of superoxide is probably also contributing to the increased level of lipid peroxidation found in the present study.
It is a common consensus that oxidative stress can cause apoptosis. Our results suggest that TD-induced apoptosis may be associated with elevated superoxide, hydrogen peroxide, and hydroxyl radical generation. This result might be a possible mechanism to explain the decrease in heart size and weight of TD-induced cardiomyopathy (7) . As discussed before, Cappelli et al. (4) and we (25) showed that cardiac contractility in rats is deeply affected by TD.
The baseline characteristics of this experimental model were already published in a series of papers from our group and confirm the notion that TD leads to heart failure (5, 27, 28) . Previously, we (27) found that TD rat hearts did not show hypertrophy. Instead, the hearts had a smaller number of cardiomyocytes in the left ventricle wall (27) , which can be explained by the significant cell loss observed in the present study (Fig. 7) . These latter results support the impaired systolic function previously reported by our group (5). In line with this observation, fractional shortening in TD cardiomyocytes was significantly decreased by ϳ25% (28).
The SR Ca 2ϩ load of cardiomyocytes is an important element of SR Ca 2ϩ release (29) . SR Ca 2ϩ reuptake is decreased in different animal models of heart failure and human failing heart, and this has been implicated in the contractile dysfunction. There are many factors involved in heart failure, but depressed SR Ca 2ϩ reuptake is central. Another important feature that has been recognized as a major factor to heart failure development is the cardiomyocyte loss primarily by apoptosis. Both processes are present in TD model, supporting the claim that TD leads to heart failure, as has been suggested by our group and others.
In a study using human and porcine heart samples, a positive correlation between acidosis and apoptosis was demonstrated (30) . In our study, even though the pH was diminished systemically (lactic acidosis), it is reasonable to suppose that the cardiac tissue was experiencing some degree of acidosis that triggered the stimulation of H 2 O 2 and superoxide formation. In addition to that, lactic acidosis has been implicated in the enhancement of lipid peroxidation (31) . These facts support our hypothesis that acidosis will cause an imbalance in the intracellular redox systems that ultimately produce apoptosis as a major mechanism to understand how TD provokes heart failure.
